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This paper investigates the influence of slip effect on a stagnation point flow towards
a shrinking/stretching sheet in carbon nanotube. The governing system of the partial
differential equation is converted into a set of nonlinear ordinary differential equations by
using a similarity transformation. The nonlinear ordinary differential equations are then
solved numerically by Haar wavelets collocation method. The influence of the various
parameters on the characteristics of the fluid flow and heat transfer is analyzed. Results
are presented in terms of the skin friction coefficient and local Nusselt number, whereas
the velocity and temperature profiles in the form of figures and thus, discussed in details.

Keywords: Haar wavelet; stretching/shrinking sheet; MHD stagnation point flow; carbon
nanotube.
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1. Introduction

Research on nonlinear stretching/shrinking sheet flow has appeared as a crucial element in a heat
transfer research that concerns natural and engineering applications, such as in nanotechnology indus-
tries, metal forming, oil reservoir behavior, electronic cooling, coating and printing industry [1]. The
original problem involving a continuously stretching sheet was pioneered by Sakiadis [2,3|. This classic
problem, commonly referred to as “Sakiadis flow,” has undergone extensive development to incorporate
more intricate thermo-physical and geometric effects. Many researchers, among them Crane [4] and
Gupta [5], have contributed to the extension and broadening the scope of this fundamental flow prob-
lem, delving into various factors that affect its behavior. Meanwhile, Bachok and Ishak [6] examined
the flow around a nonlinear stretching/shrinking sheet within the stagnation region. They discovered
non-unique solutions, particularly when the sheet was undergoing shrinking towards a fixed point.
This discovery emphasized the intricate and multifaceted nature of the problem, wherein multiple
distinct solutions can coexist under specific conditions. Furthermore, numerous researchers have acon-
tributed to the exploration of nonlinear stretching/shrinking sheets, analyzing their behavior under
various physical effects. Significantly, noteworthy contributions in this field have been made by Hayat
et al. [7], Pal and Mandal [8], Rana et al. [9], Jamaludin et al. [10] and Reddy et al. [11]. Collectively,
their work has provided valuable insights into the intricate dynamics of these systems, enriching our
understanding of this complex area of study.

Nanofluids, were first introduced by Choi and Eastman [12], are defined as liquids containing dis-
persed submicron-sized solid particles, or nanoparticles. Among the various materials suitable for
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nanoparticle formation, carbon is particularly noteworthy due to its exceptional thermal, electrical,
and mechanical properties [13]. Carbon nanotubes (CNTs) are a relatively recent and highly appeal-
ing class of carbon-based nanomaterials, characterized by their high aspect ratio. They are two main
types of CNTs: Single-Wall Carbon Nanotubes (SWCNTs) and Multi-Wall Carbon Nanotubes (MWC-
NTs). In a study conducted by Choi et al. [14], focusing on oil-based carbon nanotubes (CNT5), it
was observed that even a modest addition of nanotubes (1 vol%) led to a significant increase in the
thermal conductivity of the base fluid. Garg et al. [15] explored the impact of dispersing energy on the
viscous and heat transfer characteristics of MWCN'Ts dispersed in water. Their observation revealed a
substantial 20% enhancement in thermal conductivity. Subsequently, numerous researchers have rec-
ognized the advantages of utilizing CNTs into their respective areas of study [16-18]. This underscores
the promising role of CN'Ts in enhancing thermal properties and their broad applicability in various
scientific and industrial domains.

Recently, the Haar wavelet collocation method (HWCM) has emerged as a significant and efficient
technique for obtaining numerical solutions to differential and integro-differential equations. HWCM
is a semi-numerical method that harnesses the unique properties of Haar wavelets. These wavelets are
characterized by their piecewise constant functions, occurring in pairs, and they facilitate straightfor-
ward integration. Moreover, these orthogonal Haar functions form a basis foundation for transforma-
tion, making wavelets a valuable tool for analyzing dynamic phenomena, relevance in the engineering
research. The pioneering use of Haar wavelets for solving systems of coupled ordinary differential equa-
tions (ODESs) related with boundary layer fluid problems, particularly involving high Prandtl numbers
(Pr), was proposed by Sarler and Aziz [19]. This study highlights that the Haar wavelet colloca-
tion method (HWCM) surpasses traditional methods like the Runge-Kutta method (RKM) [20] and
asymptotic techniques such as the Homotopy Analysis Method (HAM) [21]. The advantage of HWCM
is its ability to directly address boundary value problems, directly without the need to convert them
into initial value problems through shooting techniques. This direct approach enhances the stability
of the method, especially when applied to problems with extensive computational domains, marking
HWCM as a valuable tool for tackling complex boundary value problems in fluid dynamics. HWCM
has been applied in solving two-dimensional boundary-layer flow problems in the presence of a uniform
magnetic field. This approach has provided highly accurate solutions and revealed the occurrence of
dual solutions for specific ranges of physical parameters Karkera et al. [22]. Subsequent research have
consistently demonstrated the superior accuracy of Haar wavelets when compared to other numerical
methods. These confirmatory studies have been conducted by researchers such as [23-25|. These find-
ings collectively underscore the significance of Haar wavelets in numerical analysis and their potential
to deliver highly precise results across various applications.

2. Haar wavelet

The one dimensional Haar wavelet family known as mother Haar wavelet for € [0, 1) can be described
as

1, forz € a,fB),

hi(z) = { =1, forz € [B,7),
0, elsewhere,
where o = %, 8= %, v = % Integer m and k can be defined as m = 27/, j = 0,1,...,J that
indicates the level of the wavelet while & = 0,1,...,m — 1 is the translation parameter. J is the

maximum level of resolution and index ¢ is calculated by using the formula ¢ = m + k 4+ 1. For ¢ = 1,
function hq(z) is the scaling function which forms a square wave with unit magnitude stated as

hat) = {1, teo,1),

0, elsewhere.

By referring Karkera et al. [22], the integrals of the Haar functions are
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Pl’i(t):/o h,(x)da:

t—a, fortela,p),

=qv—t, fortels,),
0, elsewhere,

P27i(t) = /Ot Pl,i(l') dx

It — ), fort € [o, B),
o ta - orrelso,
B ﬁg, fort € [y,1),

0, elsewhere.

Likewise, Pi1,;(t) = [f Pi(z)dz, 1 =2,3,. ...

3. Methodology

Consider an incompressible steady flow in the region y > 0 driven by a stretching/shrinking surface
located at y = 0 with a fixed stagnation point x = 0. The velocity of ambient fluid Uy (x) = bz™ and
stretching /shrinking U,,(z) = aa™ are presumed to differ linearly from the stagnation point, where a
and b are constant. Both SWCNTs and MWCN'Ts are used with water base fluid. The boundary layer

equations can be defined as follows [26]

ou Ov

o + a_y =0, (1)
ou ou AUso  fing 9%u
ua—T + ’ua—T =« 82—T (3)
Ox oy oy

and the boundary conditions are

0 or
u:Uw+L—u, v=V(z), T=T,+M— at y=0,
dy ox
u—=Us, T—Tx as y— oo, (4)

where L and M denotes the slip factor where defined as L = le%ﬂ and M = Mlzn%+1 respectively.
L; and M; is the slip factors initial length and V(x) is the mass transfer velocity and T, is the
temperature of nanofluid. It should be mention that au¢, pnf, pnf, (0Cp)ns and ks are the thermal
diffusivity, viscosity, density, capacity of heat and thermal conductivity of nanofluid that Oztop and
Abu Na-da [27] offer

kny iy
« = ) = ) =(1- + CNT,

(PCp)ng = (1 = @) (pCp) s + #(pCp)enT,

k kenT+ky
knf B 1—p+ 2(‘DkC]\?j{kaf In T
.. E k +ks

where ¢ is the CNTs volume fraction, (pCp)ont, kent and pont are the capacity of heat, thermal

conductivity and density of CN'T5s, and py and kj are the density and thermal conductivity of the fluid.
The use of the term for ]%f was taken from the Maxwell’s theory model that considers the effects of
CNTs space distribution on thermal conductivity.
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Equations (2) and (3) are reduced by the similarity transformation and the variables of similarity
can be introduced as follows

I I, _
0= (U 0) wat v (B) S s 0= o)
where 7 is the variable of similarity, ¥ is the function of stream described as u = g—w and v = —% which
comply with equation (1). Equations (2) and (3) can be reduced to these ODEs by using equation (5)
(1 o <1—<,0—|—M) "+ "+ 80— =0, (6)

Pf
% 1 knf@/(lzép)czv:r 6"+ f6' =0. (7)
L (TeS
Thus, subject to the boundary condition equation (4) we have
f0)=0, f(0)=e+0f"(0), 6(0)=1+00(0),

f'(n) =1, 6(n)—=0 as n— oo, (8)
where = 2% is the nonlinear parameter which varies from 1 to 2 as n grows from unity to infinity,

n+1
¢ = a/b is the stretching/shrinking parameter where £ < 0 is shrinking € > 0 is stretching, Prandtl

number Pr = vs/ay, oy and o are thermal slip and velocity parameter, respectively.

3.1. Numerical solution by Haar wavelet collocation method (HWCM)

The semi-infinites physical domain [0,00) must be changed to suitable Haar wavelet context where
it can be reduced to [0,1] by introducing the coordinate transformation £ = 7/1,, and changing the
variable to F'(§) = f(n)/n~ and 01(§) = 6(n)/nw to satisfy all the boundary conditions. Then,
Equations (6) and (7) can be transformed to

F"(€) + 3 F()F"(§) + A, (1 - (F'(€))*) =0, (9)
(1— )25 (1 o+ @P;‘fNT)
1 knf/kf " 2 / _
B | T i | O+ FEOR©) =0 (10)
v (Cp)s
The boundary conditions of equation (3) are transformed to
F// 1 /
F(O) = 0, F/(O) = €—|—O'—77(0), 91(0) = 7_‘_ ;t91(0)7
F'(n) =1, 61(n) >0 as 17— ne. (11)
The higher order of derivatives for equations (9) and (10) are approximate by Haar wavelet,
2J+1
F"(€) = ) aihi(©), (12)
prsn
07(6) = > dihi(€). (13)
i=1
The corresponding lower order of derivatives are derived using equation (12) and (13)
2J+1
F'(&) = Al —¢) + Z a;[P1i(§) — ACY], (14)
S
F'(§) =+ Al -¢) <£ + ni> +> [Pu(s) -4 <£ + ni> OZ} (15)
e e £ &
F() =&+ Al —¢) <5 + 77;) + ; a; |:P3,i(€) —A <§ + 7770) Ci:| ; (16)
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2J+1
=Y di[PLi(§) - DCi] = D, (17)
2J+1
= di[P2i(§) = DCi(§ + )] — D(§+0y) + 1, (18)
where
Ci= / Pl Z dt A= e > D = Tec )
0+ Moo or+1
Then, equations (14)—(18) are substituted into equations (9) and (10). By applying collocation
point,

1 1 J+1
& :iéjiT <l'— 5) ; 1231,2,...,2 5

we obtain numerical solutions for the ODEs to system nonlinear equations with 271 unknown wavelet
coeflicients.

3.2. Method of solution

In this research, the quantities of physical interest are the Nusselt number Nu, and the coefficient of
skin friction Cy, given by Malvandi et al. [28]:
LGw Tw
Nuyy=——"7"-—-—, Cr=—7H,
’ kp(Tw — Teo) d prU%
in which the surface heat flux ¢,, and the surface shear stress 7, are likely identified as

o))
w nf 8y y:07 w Hnf ay o

with K,y is the thermal conductivity of the nanofluids and g, is the viscosity of the nanofluids.
Physical interests that we acquire after the transformation are

1
C Re2 = "(0), 19
1 L _5f() (19)
Nu, kn,
T =755, (20)
Re? I ﬁ
where
o 9J+1 oJ+1
Re, — ;095 F0)=A1-¢)— A Z wCi,  0(0)==D Y dC;—D.
f i=1

4. Results & discussions

The ODEs (9) and (10) with boundary conditions (11) are solved and obtained the numerical solutions
via Maple Software. Water is used as the base fluid for both SWCNTs and MWCNTs. By following
Norzawary et al. [29], the selection of ¢ is 0 < ¢ < 0.2, where ¢ = 0 is regular fluid with Pr = 6.2
(water). The researchers also mentioned the base fluid’s and CN'Ts’ thermophysical properties as shown
in Table 1.

Table 1. Thermophysical properties of CNTs.

. . . Nanoparticle
Physical properties Base fluids SWONT  MWONT
p (kg/m?) 997 2600 1600
¢ (J/kgK) 4179 425 796
kE (W/mK) 0.163 6600 3000
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2.5 2.496

¢=0,0.1,0.2

B=2
=02
B=2 6=0

€= -1.685,0=0
€= -1.649, 9 =0.1
€= -1.625,0=02

€.=-1.681, =0
€.=-1.649, =01
€.=-1.623, 6=02

-2+ , -0.235 i ; T
-2 0 2 -1 0 1 2

a (f(0)) b (=0'(0))
Fig.1. f”(0) and —6'(0) with € and ¢ for water—-SWCNTs.

1.934 1.425
r 6=0,0.2,04 B=2
»=0.1
6,=0
©e,=-1471,6=0
g,=-1.645,6=0.2
€,=-1928,6=04
6=0,02,04
ﬁ:
¢o= e.=-1471,6=0
°= £.=-1.649,0=02
\ g.=-1907,6=04
-2.126 T T T t 0- T T T v
-1 0 1 2 -1 0 1 2
" /
a (f7(0)) b (—=6'(0))

Fig. 2. f”(0) and —6'(0) with ¢ and o for water—-SWCN'Ts.

1.934 1.388
=02
B=1,152 001
c,=0
B=1,15,2
e,=-1374,B=1 g.=-1361,p=1
e.=-1.538,B=15 .= -1538,B=15
e.=-1.654,p=2 g,=-1.654,p=2
-1.65 : : : oAl : :
-1 0 1 2 -1 0 1 2
1 /
a (f7(0)) b (=6'(0))

Fig. 3. f”(0) and —#'(0) with £ and g for water—-SWCNTs.

Figures 1a and 1b show the f”(0) and —6’(0) graphs for some values of stretching/shrinking pa-
rameter € and different values of ¢ when Pr = 6.2 for water-SWCNTs. Both figures show that we
obtained a unique solution when ¢ > —1, dual solutions when ¢, < € < —1, and no solutions when
£ < .. Next, Figures 2a and 2b present the f”(0) and —6’'(0) graphs for some values of ¢ and different
values of velocity slip parameter o for water-SWCN'Ts. Both graphs show that the range of € values
where the solution exists get bigger (¢ > ¢.) when o increases at the boundary.

Figures 3a and 3b illustrate the f”(0) and —6’(0) graph for certain values of £ and three different
values of 8 which are 8 = 1,1.5 and 2 for water base fluid when ¢ = 0.1 and ¢ = 0.2. Both graphs
conclude that the range of solutions given by S is bigger compared to ¢ and ¢. This also shows that
the boundary layer separation is postponed when the values of 3 increase.
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Figures 4a and 4b show the Nu,(Re;)~!/2? and C}(Re;)'/? as functions of Reynolds number, given
by the equations (19) and (20) using ¢ and o with set ¢ = 0.5. It can be concluded that the coefficient of
skin friction decreases while the local Nusselt number increases when o increases. The presence of slip
enhances the convective heat transfer on the surface. By referring to Table 1, since SWCNTs have higher
density and thermal conductivity than MWCNTs, result in elevated values for both C'f(Rem)l/ 2 and
Nu, (Re;) /2. Moving on to Figures 5a and 5b illustrate various /3 for Nu,(Re,)~"/? and C}(Re,)'/2.
These figures show that both Nu,(Re;)~'/? and Cf(Re;)'/? increase when 3 increases, displaying a
clear linear correlation with .

1.561 1 - 7.695
p=1s L B=15
e=0.5 G:O,OAZ,O.A} L e=05 6=0,02,04 :
0,=0 : 6,=0 i

0.72 4+ : ‘ 13514 : ‘
0 0.1 0.2 0 0.1 0.2
@ ¢
a (Cy(Res)"?) b (Nug(Reg)~"/?)
Fig. 4. Variation of Cf(Re,)'/? and Nu,(Re,)'/? with ¢ and o for water base fluid.
1.2681 - 76311
6=02 B=1,15 - =02
e=0.5 ' €=05 B=1,1.5
6,=0 c,=0
05614 : ] 10034 : ‘
0 0.1 02 0 0.1 0.2
® ®
a (Cf(Rew)l/Z) b (Nug(Re,)~"/?)

Fig. 5. Variation of Cf(Re,)"/? and Nu, (Re,)™'/? with ¢ and 3 for water base fluid.

The velocity and temperature profiles for different values of ¢ for water—-SWCNTs are shown in
Figures 6a and 6b. It can be seen clearly that 6(n) increases within thermal boundary layer thickness
and f”(n) decreases within the momentum boundary layer when ¢ increases. Figures 7a and 7b show
the velocity and temperature profiles for various values of o for water-SWCN'Ts. For both solutions,
f'(n) increases within the momentum boundary layer thickness when o increases, while 6(n) decreases
leading to a reduction in the thermal boundary layer thickness. Lastly, Figures 8a and 8b display the
velocity and temperature profiles for different values of 3. Both figures show that f(n) increases within
momentum boundary layer thickness, while 0(n) decreases within thermal boundary layer thickness
for both the first and second solutions.
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-154
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e=-1.22
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c=02

a (Velocity profile)

[—0=0—¢=01—¢p=02]

B=15
=-1.22

0,=0

c=0.2

b (Temperature profile)

Fig. 6. Velocity and temperature profile for ¢ and water—-SWCNTs.
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a (Velocity profile)
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Fig. 7. Velocity and temperature profile for o and water—-SWCNTs.
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Fig. 8. Velocity and temperature profile for § and water-SWCNTs.
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5.

Conclusion

This research analyzed the numerical study for the stagnation point flow over a nonlinearly stretching
or shrinking surface in CNTs with slip effects. The numerical solution is obtained using the Haar
wavelet method in Maple software.
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It can be concluded that a unique solution exists when € > —1, while dual solutions exist when
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it is established that shrinking sheet result in dual solutions while stretching sheet yields unique
solutions.

Furthermore, the study explores various parameters, including CNTs volume fraction ¢, velocity
slip parameter o, thermal slip parameter o; and nonlinear parameter 5. In this problem, raising ¢
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implying that these parameters delay boundary layer separation.

Additionally, as ¢ increases, the skin friction and Nusselt number are continuously increasing.
Moreover, SWCNTs outperform MWCNTs in terms of skin friction and local Nusselt number due
to their superior thermal conductivity.
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MeTO,D, BenBneT- KOJ'IOKaLI,II Xaapa ,D,J'ISI po38B $|3yBaHH$| 3a,u,aq| TOYKN
34CTOO NOTOKY MNo J'II/ICTI AKUIA HEeNIHINHO p03T$II'y€TbC$I/CTI/|CKa€TbC$I

Yy Byrneu,ealm H8HOTpY6LI,I 3 ereKTOM KOB3adHHA

Cadista H. A. A1, Paceni A. @. H.2, Bauok H.', Maxan 3.3, Xacan M.*

L Kagedpa mamemamury ma cmamucmury, Gaxyisbmem npupooHusux Hayx,
Vuisepcumem Ilympa Manatisii, 43400 Cepdane, Ceaanzop, Manratizis
2 @axysvmem exonomiru ma Myamaram, Ynusepcumem Catine Icram Manatisia, Manatizis
3 Jla6opamopia wpunmozpadii, ananisy ma cmpykmypu, Incmumym mamemamusmnuz docaiodicen,
Vwisepcumem Ilympa Manatiszii, 43400 Cepdane, Ceaanzop, Maratiisis
Jenmp Pyrdamenmanvruxr docaiddcens cinbcvrozocnodapcvkoi nayku, Ynisepcumem ITympa Manatiaii

V wiit cTarTi KOCTIRKYEThCH BILIUB eEeKTY KOB3aHHS Ha IIOTIK B TOYI[ 3aCTOO IO JIUCTI,
KU CTUCKAETHCS/PO3TAIYEThC, y ByIvieneBiit nanorpybui. OcHoBHA cucTeMa PIBHSIHHS
B YACTUHHUX TOXiJHUX IEPETBOPIOETHCA HA HAOIp HETIHINHUX 3BUYAWHUX AudepeHIiaib-
HUX PiBHSHB 3a JIOMOMOTOIO IepeTBopeHHs moaionocti. [Torim meminiitai 3suuaitai aude-
peHIia/IbHI PIBHIHHS PO3B’I3yI0THCS YHCEILHUM CIIOCODOM METOJIOM KOJIOKAITi]l BeiBJIETIB
Xaapa. IIpoBeseno ana/ri3 BILIMBY pi3HUX MapaMeTpPiB HA XapaKTEPUCTUKU MOTOKY PiINHA
Ta TIepEeHeCeHHs TeIula. Pe3ysbTaru mpeicTaBieHi B TepMmiHax KoedilieHTa MOBEPXHEBO-
ro TepTs Ta JIoKaJabHOro yncjia Hyccembra, Toml SK mpodiii MBUIKOCTI Ta TEMIEPATYPH
oJIaHo Ha rpadikax Ta JeTaJbHO 0OTOBOPEHI.

Kntouosi cnosa: setisaem Xaapa; aucm, wo posdmsazyemoes,/cmuckaemocs; MITJT nomix
MOYKY 3aCMON0; GY2AEUEEA HAHOMPYOKA.
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